Background--We aimed to improve the assessment quality of plaque vulnerability with combined use of magnetic resonance imaging and contrast-enhanced ultrasound (CEUS). Methods and Results--We prospectively enrolled 71 patients with internal carotid artery stenosis who underwent carotid endarterectomy and performed preoperative CEUS and magnetic resonance plaque imaging. We distinguished high-signal-intensity plaques (HIPs) and non-HIPs based on magnetization-prepared rapid acquisition with gradient echo images. We graded them according to the CEUS contrast effect and compared the CEUS images with the carotid endarterectomy specimens. Among the 70 plaques, except 1 carotid endarterectomy tissue sample failure, 59 were classified as HIPs (43 symptomatic) and 11 were classified as non-HIPs (5 symptomatic). Although the magnetization-prepared rapid acquisition with gradient echo findings alone had no significant correlation with symptoms (P=0.07), concomitant use of magnetization-prepared rapid acquisition with gradient echo and CEUS findings did show a significant correlation (P<0.0001). CEUS showed that all 5 symptomatic non-HIPs had a highcontrast effect. These 5 plaques were histopathologically confirmed as vulnerable, with extensive neovascularization but only a small amount of intraplaque hemorrhage. Conclusions--Complementary use of magnetic resonance imaging and CEUS to detect intraplaque hemorrhage and neovascularization in plaques can be useful for evaluating plaque vulnerability, consistent with the destabilization process associated with neovessel formation and subsequent intraplaque hemorrhage.
Qualitative evaluations of plaques, to determine the stroke risk, in addition to quantitative assessment of factors, such as the severity of stenosis, are being increasingly performed. Vulnerable plaques are histopathologically characterized by the presence of a lipid necrotic core, intraplaque hemorrhage (IPH), intraplaque neovascularization (IPN), active inflammation, and a thin/ruptured fibrous cap. Magnetic resonance imaging (MRI) of plaques is widely performed, including magnetization-prepared rapid acquisition with gradient echo (MPRAGE). High-signal-intensity plaques (HIPs), detected by MPRAGE, indicate necrotic cores with IPH. 1 However, we sometimes encounter symptomatic patients without HIPs on MPRAGE. Recent studies have shown the efficacy of evaluating IPN using contrast-enhanced ultrasound (CEUS). 2 Although these 2 modalities evaluate different components of plaque vulnerability, in view of the process of atherosclerosis progression, their complementary use may improve the diagnostic quality. We, therefore, assessed the diagnostic accuracy of plaque vulnerability using both CEUS and MPRAGE.
Methods
The data that support the findings of this study are available from the corresponding author on reasonable request.
Patient Enrollment
We prospectively enrolled consecutive patients with internal carotid artery stenosis who underwent carotid endarterectomy (CEA) and preoperatively examined CEUS and MPRAGE images of carotid arteries at the National Cerebral and Cardiovascular Center (Osaka, Japan) from July 2010 to June 2014. The Ethics Committee of the National Cerebral and Cardiovascular Center approved this study. Written informed consent was obtained from all patients before enrollment. The exclusion criteria were a previous allergic reaction to perflubutane (perfluorobutane) (Sonazoid) or eggs because the lipid-stabilized suspension of perflubutane contains egg yolk.
Patient Characteristics
Data collected included vascular risks, stenosis severity, and symptoms associated with previous ischemic events on the ipsilateral side. Symptomatic events were classified as a transient ischemic attack (TIA), amaurosis fugax, or cerebral infarction. TIA was defined as a sudden, focal neurological deficit that lasted <24 hours. Amaurosis fugax was defined as a sudden, temporary loss of vision in the ipsilateral eye. 
CEUS Image Analysis
Carotid ultrasound examination was performed using an LOGIQ E9 ultrasound system (GE Yokogawa Medical Systems, Hino, Japan) with a linear probe (6-9 MHz phased-array transducer). CEUS examinations were performed using the phaseinversion mode to delineate neovessels. The mechanical index was 0.2 to 0.3. Image depth was adjusted to 4 to 5 cm, and the focus position was 3 to 4 cm.
Sonazoid, 4 a lipid-stabilized suspension of perflubutane gas microbubbles (0.01 mL/kg body weight), was injected as an IV bolus, followed by a 10-mL saline flush through an antecubital vein. It was necessary to discriminate the true contrast effect from artifacts, which appeared as bright echoes. We initiated observation before the injection of contrast agent and traced the microbubbles moving into the plaques from the vessel lumen or adventitial side to eliminate artifacts. The appearance of microbubbles was observed within 10 to 20 seconds after injection, and we observed the plaques and recorded images as cine clips in the short and long axes. Intraplaque neovessels were identified by the movement of the echogenic reflectors of microbubbles within the plaque. Neovessels of the plaques were delineated by accumulation of these cine memory images in the phase-inversion mode. Evaluable images were acquired for at least 5 minutes after injecting each bolus. The contrast effects were classified semiquantitatively on a scale of grade 0 to 3, where 0 indicates absent; 1, small; 2, large; and 3, extensive. Plaques with no visible microbubbles were defined as grade 0; plaques with a small number of microbubbles were defined as grade 1; plaques with many microbubbles seen constantly were defined as grade 3; and plaques with microbubbles between grades 1 and 3 were defined as grade 2. These 4 grades were further categorized into 2 groups: low-contrast effect group
Clinical Perspective
What Is New?
• We showed the complementary use of magnetic resonance imaging and contrast-enhanced ultrasound to detect intraplaque hemorrhage and neovascularization, which improves the diagnostic quality of the assessment of plaque vulnerability and which was confirmed histopathologically.
What Are the Clinical Implications?
• Although magnetization-prepared rapid acquisition with gradient echo is useful for detecting intraplaque hemorrhage, during the early stage of destabilization before the collapse of neovessels, we may fail to detect vulnerability using only magnetization-prepared rapid acquisition with gradient echo.
• Contrast-enhanced ultrasound may be more available to evaluate plaque vulnerability for screening, when considering cost and facilities, compared with magnetic resonance imaging, especially in outpatient clinics.
• Contrast-enhanced ultrasound also allows easy follow-up valuation during the early stage of destabilization before the collapse of neovessels, resulting in intraplaque hemorrhage, which is reasonable in view of the process of atherosclerosis progression.
(grade 0-1); high-contrast effect group (grade 2-3) (Video S1). Two observers (R.M. and K.S.) independently graded the cine clips offline at different time points, with no prior knowledge of the patients' clinical information. Disagreements were resolved through consensus (j statistic, 0.75).
MR Imaging
Images were obtained with a MAGNETOM Sonata 1. We calculated the signal intensity ratio of the carotid plaque component by dividing the plaque signal intensity by the muscle signal intensity. Plaques with a signal intensity ratio of >2 were categorized as having high-signal intensity. A single, blinded investigator (R.M.) obtained all measurements. The reproducibility of the signal intensity ratio with MRI was assessed in all plaques using measurements performed by a blinded second reader. Disagreements were resolved through consensus (j statistic, 0.95). We defined plaques with highsignal intensity as HIPs and those without high-signal intensity as non-HIPs.
Only 2 plaques (2.8%) evaluated using 1.5-T MRI were included in this study, both of which were diagnosed as HIPs without interobserver disagreement. When the signal intensity ratio is different between 1.5-T and 3-T MRI, the plaques may tend to show higher signal in cases using 3-T MRI than in those using 1.5-T MRI. We considered that inclusion of the 2 plaques in the HIP group could not affect the results.
Histological Analysis
For the histological analysis, CEA specimens were immersed immediately in fixative solution (Histochoice; Amresco, Solon, OH) for 24 to 48 hours. They were then decalcified in EDTA for 1 week, after which 3-mm thick transverse tissue slices of the carotid artery were prepared. Paraffin-embedded sections of CEA specimens were stained with hematoxylin-eosin and Masson trichrome stains. Plaque morphological features were evaluated according to the American Heart Association classification of atherosclerotic plaques. 7 Immunohistochemical evaluation with glycophorin A, which identifies red blood cell membranes, was performed to identify IPH.
Histological examinations were performed by an experienced pathologist (H.I.U.) who was blinded to the MR imaging and CEUS findings. As an index of the degree of IPH, the IPH score was calculated as the ratio of the glycophorin A-positive area/the whole plaque area. 1 Neovessel density (per square millimeter) positive for von Willebrand factor in the plaque was counted in the shoulder of the most stenotic lesion. Discordance between CEUS assessment and IPN calculation may have occurred because we assessed the contrast effect of the whole plaque using CEUS and calculated the density of neovessels in the plaque shoulder of CEA specimens. However, our previous study 2 showed that the contrast occurred mainly in the plaque shoulders, with a significant correlation with the density of the neovessels in the pathophysiological study.
Statistical Analysis are expressed as meansAESDs for continuous variables and as percentages for categorical variables. Statistical analysis was performed using the Wilcoxon rank sum test, the v 2 test, or
Fisher's exact test. P<0.05 indicated statistical significance. The intrarater agreement of CEUS grading between the 2 observers was calculated using the j statistic. Receiver operating characteristic curves were generated to compare the diagnostic value of detecting symptomatic plaques using MPRAGE and CEUS. The areas under the curve were calculated and compared with MPRAGE alone.
Results
Seventy-one consecutive patients were enrolled, although one patient was later excluded because of CEA tissue sample failure. The demographic data of the study group are presented in the Table. Among the 70 plaques, 59 were classified as HIPs (43 were symptomatic), and 11 were classified as non-HIPs (5 were symptomatic) ( Figure 1A ). Symptoms were classified as TIA in 8 patients (17%), amaurosis fugax in 9 patients (18%), and cerebral infarction in 31 patients (65%). In symptomatic patients, the median time intervals between stroke and MRI and CEUS performance were 29 and 37 days, respectively. (The median time interval between CEUS and MRI was 13 days.) Histopathological examination revealed that the IPH score was higher in the HIP than in the non-HIP group (0.48AE0.14 versus 0.06AE0.06, respectively; P<0.001) (Figure 2A ). On the basis of CEUS images, 52 plaques were classified as being in the high-contrast effect group, and the other 18 were in the lowcontrast effect group. A correlation was observed between the CEUS grade and symptoms (P<0.0001). Histopathologically, neovessel density was greater in the highcontrast than in the low-contrast effect group (50.5AE39.0/ mm 2 versus 26.0AE41.9/mm 2 , respectively; P=0.0002) ( Figure 2B ). When the groups were reclassified according to the grade of contrast effect in addition to the MRI findings ( Figure 1B Box plots show the neovessel density of plaques in the high-and low-contrast effect groups of contrast-enhanced ultrasound (CEUS). The top border of the box shows the 75th percentile, the whisker shows the range of the data, and the horizontal line in the box shows the median. MPRAGE indicates magnetization-prepared rapid acquisition with gradient echo.
The receiver operating characteristic curve for detecting symptomatic plaques showed that the combined use of MPRAGE and CEUS was significantly more effective (area under the curve, 0.79; P<0.0001) than MPRAGE alone (area under the curve, 0.58; P=0.07) (P=0.0008) (Figure 3) .
We observed compatibility between the histopathological findings and classification based on MRI and CEUS findings (groups A-D in Figure 1B and 1C) . All 5 symptomatic nonHIPs ( Figure 1C , group C) had extensive IPN (mean density, 64.9AE34.2/mm 2 ) but only a small amount of IPH (mean score, 0.045AE0.04) in addition to a large necrotic core, active inflammation, and a thin/ruptured fibrous cap. These histological findings of most of all symptomatic cases (94%) were compatible with type VI of the conventional American Heart Association classification of atherosclerosis. 7 Figure 4 shows a representative case.
Discussion
Using CEUS, we characterized the 5 symptomatic non-HIPs in this study as having extensive neovascularization. Histopathologically, these plaques showed extensive IPN but only a small amount of IPH. We also showed an association between HIPs and pathological IPH, confirming that MPRAGE is useful for detecting IPH. MPRAGE, however, could not differentiate symptomatic plaques, as shown in Figure 1A . T1-weighted, magnetization-prepared, 3-dimensional gradient echo sequencing, including MPRAGE, is widely used and is superior for distinguishing plaques containing IPH. 1, 8 Saito et al, 9 however, reported that lipid-rich plaques sometimes show isointensity or hypointensity on MPRAGE and cannot be discriminated from stable fibrous plaques, which may result in underestimating plaque vulnerability. Neovascularization is a prominent feature of the early stages of atherosclerotic plaque development, as shown in previous histopathological studies. 10 13 showed that CEUS findings in plaque were related to those detected by 3-dimensional fast spin echo T1-weighted MRI. We showed the superiority of the combined use of MPRAGE and CEUS, which was confirmed histopathologically and is reasonable for following the destabilization process of atherosclerosis. In clinical practice, CEUS may be more available to evaluate plaque vulnerability for screening, considering cost and facilities, than MRI as a reasonable workflow that takes into consideration the atherosclerotic process, especially in outpatient clinics. To our knowledge, the combined use of the 2 modalities for evaluating plaque vulnerability has not been previously applied or confirmed histopathologically, although these modalities are readily available in clinical practice.
The limitations of this study include the small sample size and the small number of patients with symptomatic non-HIPs. During the study period, between July 2010 and June 2014, a total of 240 patients with internal carotid stenosis underwent CEA. However, we did not include the following patients: (1) those undergoing emergency CEA, (2) those without acquisition of informed consent, (3) those without evaluation of MPRAGE, (4) those without an ultrasound examination, and (5) those with severely calcified plaques who did not undergo CEUS. All these factors explain the seemingly small patient population in our study. These are preliminary data to be confirmed in a larger study with a prospective design. It may also include selection bias of plaques evaluable by CEUS and inclusion of many high-risk patients who underwent CEA to confirm histopathological findings. There were also time intervals between the stroke/TIA onset in symptomatic patients and the CEUS and MRI performance because of referral delay and patient and/or device availability. To our knowledge, although plaque vulnerability may be subject to rapid change, longitudinal MRI data of carotid plaque suggest that high-risk elements (eg, plaque hemorrhage) do not change significantly over a 1-year period.
14 It is unclear how this interval might have affected our results.
In conclusion, we detected vulnerable plaques with more accuracy using CEUS to find IPN and MPRAGE imaging to find IPH. Complementary use of these 2 modalities could be useful for evaluating plaque vulnerability, consistent with the growth and destabilization process of atherosclerotic plaques. These are preliminary data to be confirmed in a larger study with a prospective design.
Sources of Funding
The study was supported by the Intramural Research Fund (22-6-10) for Cardiovascular Diseases of the National Cerebral and Cardiovascular Center.
